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I.  njrRjroucTioN 

In  collision*  of  electron*  with  mol*cul*s,  an  electron  may 


b*  attached  to  a  molecule  forming  a  tamporary  nagativa  ion  or  a 
negative  compound  state.  The  production  of  this  compound  state 
is  governed  by  certain  selection  rules.  .  The  selection  rules  aret 
(1)  An  allowed  compound  state  must  have  Either  IS-t/21  or  IS+1/21 
total  spin,  when  the  target  molecule  has  total  spin  8|  (2)  it 
should  have  an  electronic  configuration  which  differs  by  less 
than  three-electron  excitations  with  resp  ict  to  the  initial  state 
(i.e. ,  the  target  molecule  plus  an  incident  electron) |  <3>  it 
must  not  have  £~  <£->  symmetry,  if  the  target  molecule  is  linear 
and  has  £*  <£-)  symmetry.  The  last  selection  rule  has  been 
established  Just  recently  and  has  been  called  the  a~  selection 
rule.*  When  either  of  the  three  selection  rules  are  not 
satisfied,  we  use  the  term,  forbidden  electron  attachment,  by 


analogy  with  forbidden  optical  transition^ 


Compound  states  which  are  forbidden  in  the  gas  phase  may 
not  be  forbidden  in  the  solid  phase,  becaus^  of  distortion  of  the 
local  symmetry.  Although  the  selection  rules  involving  spin 
symmetry  and  number  of  electron  excitations  (may  persist  in  the 
solid  phase,  the  rule  involving  cylindrical  Symmetry  of  linear 
molecules  Cor  the  o"  selection  rule)  may  reliax  in  the  solid 
phase.  In  fact,  this  breakdown  of  cyl i ndr i cp^/symmetry  has  been 
clearly  observed  in  optical  transitions.3  In  this  paper,  we 
study  ©  molecular  systems  in  the  gas  and  solid  phases  and  - 


cru^ 


identify,  for  the 
forbidden  by  the  { 


irst  time,  the  compound  states  which  are 
selection  rule. 


In  Sec.  II,  we  analyze  some  experimental  data  previously 
published  in  the  literature.  Our  findings  are  summarized  in 
Table  1.  In  Sec.  lit,  various  properties  of  the  lower-lying  De¬ 
compound  states  are  predicted  utilizing  empirical  methods.  These 
properties  are  summarized  in  Table  VII.  In  Sec.  IV,  we  identify 
the  forbidden  compound  states  by  comparing  experimental  (Table  !> 
and  theoretical  (Table  VII)  results.  Finally  in  Sec.  V,  we 
review  previous  work. 


II.  EXPERIMENTAL  RESULTS 

A.  Energy  dependence  of  the  0“  yields 


Figure  1  shows  electron  stimulated  0“  desorption  yields  from 
various  samples  (03/U,  03/Ft,  and  0*  gas)  as  a  function  of  the 
incident  electron  energy.  These  0“  yield  curves  are  reproduced 
from  figures  previously  published  in  the  literature. *“*  The 
relative  magnitudes  of  these  curves  do  not  represent  the  actual 
relative  0~  yields.  For  example,  the  0"  yield  from  Da  gas 
(dotted  curve)  is  arbitrarily  normalized  to  the  peak  of  the  03/Pt 
curve  for  comparison.  For  the  0=/W  data,*  a  polycrystall i ne  W 
ribbon  was  dosed  with  10  L  (Langmuirs,  1L=10~*  Torr  Sec)  of  0a  at 
room  temperature.  All  three  Oa/Pt  samples™’*  were  prepared  by 
condensing  0a  gas  on  a  pol ycr ystal 1 i ne  Pt  ribbon  at  20  K  with  a 
constant  0a  dosage.  The  estimated  Da  film  thickness  is  3 
monolayers  (ML)  for  all  three  Pt  samples.  Two  of  the  three 


.  U 1  1 


i -ability  Codes 
Avail  and/or 
!  Special 


□  □ 


s 


curvit  for  Oa/Pt  Arm  measured  with  retarding  potentials  < V„«-l . 3 
and  -1.8  eV)  against  the  outgoing  0“  ions.  The  V„»-l.B  eV 
retarding  potential)  for  example,  discriminates  Q~  ions  whose 
kinetic  energies  outside  the  condensed  film  are  less  than  1.8  eV. 
The  shaded  area  shows  our  estimated  contribution  due  to  the 
direct  process,  which  we  shall  discuss  later.  Figure  2  shows  the 
OH"  yield  from  C»H,« C 1ML) /0a (3ML> /Pt  and  the  0a-0“  and  0a~  yields 
from  <0.>„  cluster.  These  curves  are  reproduced  from  Refs.  &  and 
7  respectively.  The  0~  yield  from  0a  gas  (dotted  curve)  is  shown 
again  for  comparison. 

The  0-  ions  from  0a  are  generated  by  the  reaction 

e~  +  0a  —  0a-  —  0  +  0“  ,  (1) 

so  that  maxima  in  the  0"  yield  curve  reflect  the  positions  of  Da- 
compound  states.  The  0H~  yields  from  C„H=„..=/0=  also  reflect  the 
positions  of  0a~  compound  states,  because  the  OH-  ions  are 
generated  by  two  steps;  namely,  reaction  (1)  followed  by 

0~  +  — —  OH—  +  CnHan.l  ,  (2) 

/ 

according  to  Sanche  and  Par#ntaau.*  Similarly,  0a-0”  and  0a~ 
ions  from  0a  clusters  are  generated  via  the  initial  step, 

e”  +  (Oalrt  )  n- 1  *  Oat~  ■  (c») 


Therefore,  the  02 ■ 0“  and  Qa“  yield  curves  also  reflect  the 
positions  of  0*~  compound  states. 
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Figures  1  and  2  exhibit  three  peak*  around  7,  8.5,  and  13  eV 
as  Indicated  in  the  two  figures.  The  8.5-eV  peak  in  (□*)„  curves 
(Fig.  2)  has  been  interpreted  as  a  shift  of  the  7-eV  state  due  to 
the  polarization  of  thrf  (0»>„  cluster.*  Also  the  8.5-eV  peak  in 
Oa/Pt  curves  (Fig.  1)  Mas  not  ascribed  to  another  compound 
state."  In  this  work,  we  attribute  the  8.5-eV  peak  to  another 
0,-  compound  state,  based  on  the  following  four  reasons:  (1)  Any 
polarization  of  the  (0a>n  clusters  should  shift  the  7-eV  peak  to 
lower  energy,  contrary  to  that  observed.  (2)  The  peak  position 
of  the  8.5-eV  feature  does  not  shift  to  higher  energy,  when  the 
retarding  potential  is  increased  from  -1.5  to  -l.B  eV.  In 
addition,  there  is  an  indication  of  a  shoulder  around  7  eV  in  the 
03/Pt<Vw=-l-5eV)  curve,  suggesting  that  the  7-eV  peak  has  not 
been  shifted.  (3)  All  ion-yield  curves  measured  without 
retarding  potentials,  except  the  0*  yield  curve  from  gaseous  0a, 
indicate  the  presence  of  the  8.3-eV  feature.  In  fact,  the  8.5-eV 
feature  dominates  in  the  0a--(0a>„  curve  Of  Fig.  2.  (4)  Theory 

predicts  three  Oa-  compound  states  in  the  energy  range  from  7  to 
15  eV,  which  can  dissociate  into  an  0+0“  limit.  To  sum  up,  the 
7-,  8.5-,  and  13-eV  features  we  believe  to  arise  from  three 
different  Qa-  compound  states. 

As  seen  in  Figs.  1  and  2,  the  relative  intensities  of  the 
three  features  de  -nd  strongly  on  the  structure  of  the  sample 
(such  as  the  0»  layer  thickness,  substrate,  and  cluster  sire), 
the  detected  ions  (0“,  0a”,  Oa'O",  or  OH”) ,  and  the  detection 
angle  of  the  ions.  However,  to  establish  the  nature  of  the 
forbidden  electron  attachment,  analysis  of  these  intensities  is 
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not  essential.  The  only  fact  which  is  used  In  this  work  Is  that 
both  tha  8.S-  and  13-eV  features  ara  absant  (or  negligible 
relative  to  tha  7-eV  feature)  in  tha  Q~  yield  curve  of  gaseous  0* 
(see  Figs.  1  and  2). 

6.  0~  kinetic  energy  distributions 

Figure  3  shows  the  kinetic  energy  distributions  of  the  0~ 
ions  from  0e(3ML)/Pt  measured  at  various  Incident  electron 
energies  (Ei«5.7,  7.7,  12,  and  13  eV).  These  data  were  obtained 
by  fliria  et  al..“  with  an  el ectron-energy  resolution  of  0.3  eV  and 
an  ion-energy  resolution  of  0.3  eV.  The  relative  0~  kinetic 
energy  (£-_, )  (the  absolute  scale  of  the  0“  kinetic  energy  was 
not  determined)  is  measured  with  respect  to  the  peak  energy  of 
the  £,«5.7eV  curve.  The  three  symbols  in  horizontal  bars  (closed 
and  open  circles  and  open  triangle)  indicate  three  different 
contributions,  which  will  be  described  later.  The  horizontal  bar 
with  a  symbol  indicates  the  passible  range  of  the  peak  position 
for  each  contribution.  In  Fig.  4,  these  peak-position  ranges  are 
plotted  as  a  function  of  the  incident  electron  energy,  E, .  The 
broken  straight  lines  are  given  by  the  equation, 

E__,  «=  (Ei  -  E„)  /2  -  1.03  (eV)  ,  (4) 

where  E„  is  the  relevant  0+0-  dissociation  limit  measured  from 
the  0a  ground  state  (v=CD  .  The  Ee=3.6S,  5.62,  and  7.84  eV 
correspond  to  the  lowest  three  dissociation  limits,  0(3F> +0- (3F> , 
0 ( *D) +0“ (aP) ,  and  0 ( *S) +0“  (aP) ,  respectively.  The  0“  kinetic 
energy  (E.».)  from  0*  gas  is  given  by 


e 


E...  -  (E.  -  E.)/2  ,  (5> 

where  Ei  and  E*  hav«  the  same  meanings  as  those  of  Eq.  (4).  The 
constant  shift  (i.03  ey>  of  E,-.,  with  respect  to  E_».  arises  from 
the  artificial  choice  of  the  tero  of  energy  for  E^.t  (i.e., 

E-..-0  for  6,-5. 7eV  and  Ew»3.63eV>. 

As  seen  in  Fig.  4,  the  features  denoted  by  closed  circles 
fit  well  on  the  straight  line  with  Ea*3.6S  eV,  indicating  that 
they  arise  from  the  process, 

e~  ♦  0* <*£„->  — -  0a“  —  0<*P)  ♦  0“(*P)  .  (6) 

Similarly,  the  features  k.'ith  open  circles  fit  well  on  the  line 
with  E«=5.62eV/,  indicating  that  they  arise  from  the  process, 

e-  +  03(»Eo->  —  - - -  0(‘D)  ♦  0~(*P)  .  (7) 

On  the  other  hand,  the  features  with  open  triangles  do  not  fit  on 
any  of  the  lines.  These  features  have  been  previously  ascribed 
to  the  multiple  scattering  process,*  that  is, 

e“  ♦  0a<3E«->  — •  0a*  ♦  e-'  <S) 

followed  by 

e-'  ♦  OaC^E,”)  -*  0*"  -*  Oi^P)  ♦  0“<*P>  .  (7) 

The  above  analysis  supports  this  interpretat i on.  A  good  fit  to 
theory  for  the  closed  and  open  circles  suggests  that  no 
significant  amount  of  momentum  is  transferred  to  the  0=  lattice 
when  the  0“  desorbs  from  the  surface.  A  similar  conclusion  was 
reached  in  the  study  of  Cl"  desorption  from  condensed  Cl3.* 
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The  0-  kinetic  anargy  distributions  (Fig.  3>  giva 
information  on  tha  dissociation  limits  of  tha  thraa  0 ■“  compound 
states.  Tha  curves  at  E,*12  and  13  mV  show  that  tha  13-eV 
Compound  stata  dissociates  into  tha  lowast  two  limits  and  tha 
probability  for  dissociation  into  tha  sacond  lowast  limit  is 
larger  than  that  into  tha  first.  Tha  E»"7.7eV  curve  shows  that 
tha  7-eV  compound  stata  dissociates  only  into  the  lowest  limit. 
The  dissociation  limits  of  the  8.5-eV  compound  state  cannot  be 
obtained  directly  from  Fig.  3;  however,  it  can  be  deduced  by  the 
fallowing  argument.  The  7-eV  compound  state  yields  predominantly 
1.7-eV  (=(7.0-3.65) /2)  0“  ions,  provided  that  the  momentum 
transfer  to  the  0a  lattice  is  negligible.  The  retarding 
potential  V„»-l.BeV  is  strong  enough  to  discriminate  such  low- 
energy  ions,  and  indeed  the  7-eV  peak  disappears  in  the  V„=-l.BeV 
curve  (see  Fig.  1).  Similarly,  if  the  8.5-eV  compound  state 
predominantly  dissociates  into  the  second  lowest  limit,  the 
dominant  Q“  kinetic  energy  would  be  1.5  eV  (=(8.5-5.62)/”).  The 
retarding  potential  Vw=-1.8eV  should  discriminate  such  low-energy 
0~  ions.  The  presence  of  the  8.5-eV  peak  in  the  V„=-1.8eV  curve 
(Fig;  1),  therefore,  indicates  that  the  8.5-eV  compound  state 
predominantly  dissociates  into  the  lowest  limit. 

C.  Widths 

The  widths  of  the  8.5-  and  13-eV  features  can  be  estimated 
from  the  curves  in  Figs.  1  and  2.  From  the  Oa/Pt (V„=-l . 5  and  - 
1.8eV>  curves  in  Fig.  1,  we  estimate  FWHfls  for  the  8.5-  and  13-eV 
features  to  be  2. 3+0. 4  and  2. 1+0.4  eV,  respectively.  In  these 
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estimate*'  the  energy  spread  of  the  electron  beam  (0.3  #V)  has 
been  taken  into  account.  From  the  8.3-eV  feature  In  the  Os'* 

/ (0a) n  curve  and  the  13-eV  feature  In  the  QH~/C»Hi«/0a  curve,  we 
estimate  their  FWHMs  to  be  2.2±0.3  and  2.3±0.4  *V,  respectively. 
The  energy  spreads  of  the  electron  beams  In  these  experiments  are 
O.S  eV  (Ref.  7)  and  0.3  *V  (Ref.  6)  respectively.  The  two 
estimates  (i.e. ,  2.3  and  2.2  eV  for  the  B.3-eV  feature  and  2.1 
and  2.3  eV  for  the  13-eV  feature)  agree  reasonably  well. 

Ue  can  estimate  the  contribution  of  a  compound  state  to  the 
0-  yield  Curve  utilizing  its  FWHM.  The  shaded  area  in  Fig.  1 
shows  such  a  contribution  estimated  with  a  FUHM”2. leV  and  the 
electron  beam  spread=>0. 3eV  for  the  13-eV  feature.  Figure  1 
indicates  a  slowly  varying  background  under  the  13-eV  feature. 
This  background  is  due  to  multiple-electron  scattering  and  is 
expected  to  vary  slowly.  Ue  have  already  seen  the  presence  of 
multiple-electron  scattering  in  the  0“  kinetic  energy 
distribution  (Fig.  3),  namely  the  contributions  marked  with  open 
triangles.  The  mul tipi  e-electron  scattering  in  Fig.  3  is  about 
30  7.  at  13  eV,  which  agrees  with  the  background  contribution 
(about  50  7.)  at  13  eV  in  Fig.  1.  This  agreement  supports  the 
FUHM=2. leV  estimate  for  the  width  of  the  13-eV  compound  state. 

In  conclusion,  we  estimate  the  widths  of  the  8.3-  and  13-eV 
features  to  be  2. 2+0.3  and  2. 1±0.4  eV,  respectively.  The  width 
of  the  7-eV  feature,  which  is  observed  in  the  0“  yield  curve  of 
0=  gas,  is  2. 0±0. 2  (Refs.  3  and  9). 


D.  Summary 


it 


Tabl e  i  summarizes  the  observed  characteristics  of  the  7-, 
S.3-,  and  13-eV  compound  states.  For  all  three  states,  the 
survival  rate  aoainst  autodetachment  tl.e. ,  0a~  — *  Qa+e->  during 
dissociation  into  an  0+0“  limit  must  be  substantial,  because  0“ 
ions  from  these  three  compound  states  are  observed.  The  vertical 
energies  in  the  table  are  measured  from  the  0a  ground  state  <u= O) 
to  the  peaks  observed  in  the  ion  yield  curves.  The  FWHMs  are  the 
widths  observed  in  the  ion  yield  curves.  The  “ 1 "  and  “2"  in  the 
"Dissociation  limit"  column  stand  for  the  lowest  and  the  second 
lowest  0+0-  dissociation  limits.  In  the  following  sections,  we 
shall  identify  these  three  compound  states  using  their 
characteristics  listed  here. 

Ill.  THEORETICAL  ANALYSES 

A.  Vertical  energies 

Tables  II,  III,  and  IV  list  the  observed  and  estimated 
vertical  energies  measured  from  the  0a  ground  state  to  the  0a, 
0aT,  and  0a_  valence  states,  respectively.  The  valence  states 
are  identified  by  their  electronic  configurations  (EC)  and  state 

I 

symmetries  except  for  the  three  Oa- < 1 *„-* > anu  states,  which  have 
an  additional  label,  I,  II,  or  III.  When  a  valence  state  mixes 
strongly  with  Rydberg  states,  such  as  the  0a  3n„  ( 1  *„-,3o.J) 
valence  state  with  the  *nu <  l»a-*3p0v,>  Rydberg  state,  the  pure 
valence  state  energy  is  estimated  from  analyses  presented  in  the 
literature.  All  the  vertical  energies  listed  in  the  three  tables 
represent  pure  valence  state  energies.  The  references  on  which 
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the  experimental  data  or  analyses  are  based  are  cited  In  the 
tables. 

In  these  three  tables,  estimated  (as  opposed  to  observed) 
vertical  energies  are  enclosed  in  parentheses.  Table  V  shows  how 
we  estimate  an  unobserved  vertical  energy  from  theoretical 
calculations,  using  the  Oa* ( 1*„— 1 ) *(\, (II)  state  as  an  example. 
Although  theoretical  calculations  may  not  accurately  reproduce 
the  absolute  energy  splittings  arising  from  a  given  electronic 
conf i gurati on ,  they  usually  reproduce  the  relative  energy 
splittings,  as  shown  in  Table  V  (compare  the  “Experiment”  and 
"Theory"  columns).  In  other  words,  when  a  scale  factor  is 
included  and  optimized  such  that  the  scaled  energies  reproduce 
the  observed  splittings  as  closely  as  possible,  we  usually  obtain 
excellent  agreement  with  experiment.  Adopting  the  estimated 
splitting  4.1  eV  for  0a*  < lxM“ 4 ) ®n« (II) — ( 1*„-* ) *0.  and  the 
observed  energy  16.70  eV  for  the  0*~  U  *..“*>  state,  we  estimate 

the  0I*(liiu-,)Inu(II)  state  energy  to  be  20.8  eV.  This  estimated 
energy  is  listed  in  Table  III  and  enclosed  in  parentheses.  The 
theoretical  calculations  utilized  are  cited  in  the  "Reference" 
columns.  When  theoretical  calculations  are  not  available,  such 
as  for  the  2a, -»  and  2a,_ll*0  cases,  we  use  the  relative  energies 
of  analogous  ECs,  such  as  3a,“*  and  3o»-,l*,,  for  the  above 
examples. 

The  configuration  center  <CC)  of  an  electronic  conf iguration 
(EC)  is  defined  as  a  weighted  average  of  state  energies  arising 
from  the  EC.  Tables  II,  III,  and  IV  include  such  CCs,  which  are 
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calculated  -from  the  vertical  energies,  the  averaged  vertical 
excitation  energy  (AVEE)  can  be  calculated  from  a  pair  of  CCs. 

For  example,  the  AVEE  for  the  l*u~*lx«  excitation  can  be 
calculated  from  the  differences  of  the  following  three  pairs: 

0»*  l*u_*  and  h,*‘,  Oa  l*w“*l**  and  the  GSC  (the  ground  state 
conf iguration  of  Oa  ),  or  0a~  and  1*,.  Table  Vt 

compares  the  AVEEs  calculated  from  the  different  pairs  of  CCs. 
This  comparison  clearly  shows  that  the  AVEEs  are  nearly 
independent  of  the  molecular  charge.  Assuming  this  independence, 
we  can  often  predict  the  CCs  of  03~  states  with  an  uncertainty  of 
less  than  1  eV. 


We  expect  the  charge  independence  in  the  AVEE's  based  on  the 
fallowing  argument.  The  CC  of  an  EC  specified  by  a  set  of 
electron  occupation  numbers  tn,,na,‘**J  is  given  to  a  good 
approximation  by 

Ecc  (n,.na,***)  ■  A  +  It  B,  n ,  ♦  Bt  jC,  jn.  n  j  ,  CIO) 

where  A,  B, ,  and  C, j  are  independent  of  occupation  numbers.  The 
quadratic  coefficients  C»j  are  symmetric  with  exchange  of  indexes 
and  approximately  satisfy  the  relation, 

C.j  *  <C,i  +  Cjj)/2  .  (11) 

Further,  the  diagonal  coefficients  C, ,  are  approximately 
proportional  to 


C., 


<l/!r»-r*l>  *,  Cr3>3  dr,dr= 


(12) 
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hhere  <r)  la  the  1-th  molecular  orbital  (MO).  Using  Eqs,  110) 
and  111),  m  have  the  AVEE  for  the  l— 2  excitation, 

E„.  (n,-l ,na+l ,  •  -  • )  E.a (n, ,na, •  •  - > 

P  Ba  “  Bi  +  (Cam  —  Ctt)E,n,  •  (13) 

Expression  (13)  shows  that  the  AVEE  should  depend  on  E,n,  or  the 
total  charge  of  a  molecule,  which  is  a  sum  of  nuclear  charges 
minus  E,n,.  For  homonucl ear  diatomic  molecules,  however,  we  have 
Ctt^Cjj  to  a  very  good  approximation  among  valence  MOs  1  and  J, 
because  the  Coulomb  integral ,  Eq. (12),  is  insensitive  to  the 
details  of  the  b. (r)*  distribution,  and  because  b. (r)*  for 
valence  MOs  in  a  homonucl ear  diatomic  molecule  are  similar  In 
size  and  local ization.  Hence,  for  a  valence  excitation  of 
homonuclear  diatomic  molecules,  we  should  have 

( n  ,  —  1 , 1  ,  *  *  “  )  —  E„  (n ,  ,na(  *  *  *  )  s  Ba  —  B ,  »  (14) 

This  explains  the  near  independence  on  molecular  charge  and 
justifies  the  use  of  the  AVEEs  for  predicting  other  unobserved 
0a~  states. 


.'There  are  several  ways  to  estimate  the  unobserved  vertical 
energies  of  the  0a“  compound  states.  For  example,  we  can 
estimate  the  vertical  CC  of  the  3ca-‘t*aa  conf iguration  from  any 
of  the  following  three  equations. 


3o-.-*l»«a 

3o.-‘li<*a 

3<J„-»l*aa 


1*.  (0.2  eV>  «  7.5  eV  , 
1*„-M*.*  (7.B  eV)  -  0.6  eV  , 


( 15) 

(16) 


3 Of  (10.6  eV)  •  -2.3  eV 


(17) 


IS 


m here  the  right  hand  sides  of  the  above  aquations  ara  the  AVEEs 
for  0*  listed  in  Table  VI »  Although  we  could  use  the  AVEEs  for 
0»-  instead  of  0»,  we  prefer  the  data  to  the  Os'*-  data  because 
the  total  charge  difference  between  0*  and  0*“  is  saaller  than 
that  between  Oe*  and  0»“.  These  equations  give  the  3oa~ll*a* 
energy  as  7.7,  6.4,  and  8.1  eV,  respectively.  Averaging  these 
three,  we  estimate  the  3aa~*l*s*  energy  to  be  8.1  eV  with  a 
probable  uncertainty  of  ±0.9  eV.  This  and  similarly  estimated 
vertical  energies  for  the  lower-lying  0a~  valence  states  are 
listed  in  Table  VII.  The  listed  ECs  are  the  lowest  7;  the  next 
lowest  EC  is  located  around  24  eV. 

We  have  excluded  0»_  Rydberg  states,  that  is  the  v~,Ryd:* 
states,  from  our  considerations  for  the  8.5-  and  13-eV  compound 
states,  because  Rydberg  states  are  not  observed  in  the  solid 
phase  and  probably  do  not  exist  in  the  solid.  Even  if  the  0=~ 
Rydberg  states  do  exist  in  the  solid,  they  most  likely  do  not 
dissociate  into  an  0+0“  limit.  In  any  event,  we  find  that  some 
of  our  estimated  0„-  valence  states  agree  nicely  with  the  8.5- 
and  13-eV  features  observed  in  the  0~  yields.  In  the  following 

f 

sections,  we  restrict  ourselves  to  the  0*"  valence  states. 

B.  Properties  of  the  0a~  valence  states 

Table  VII  summarizes  the  properties  of  the  lower-lying  Co¬ 
valence  states.  We  explain  each  property  in  the  following 
subsections. 


1.  Electron  attachment 
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According  to  the  selection  rules  described  In  Sac.  I,  we  can 
classify  alactron  attachments  into  thraa  eatagoriass  allowed 
with  one-electron  excitation  <A(1>>,  allowed  with  two-electron 
excitations  <A<2)),  and  forbidden  <F> .  The  attachment 
probability  of  All)  excitations  is  generally  much  higher  than 
that  of  A<2> .  The  possible  lower-energy-electron  attachments 
from  the  0*  ground  state  <aEa~)  are  classified  as  above  and 
listed  in  Table  VII.  Although  the  formation  of  the  aAu(3ou> 
state  appears  to  be  A<1),  it  is  not  A(l)  but  A(2>  because  the 

state  arises  from  the  lsa*(>ba)3eu  configuration  but  the 
Initial  state  has  the  l*aa (sE*-> ti„  configuration.  Here,  ei,. 
represents  an  incoming  electron  orbital  of  kinetic  energy  t  and 
symmetry  All  forbidden  attachments  in  the  table  are  due  to 

the  a"  selection  rule.  These  forbidden  attachments  are 

expected  to  relax  in  the  solid  phase;  the  analogous  E““»-/*-E~ 
forbidden  photoabsorpti on  processes  are  indeed  observed  in  solid 
0=.» 

2.  Electron  detachment 

.Figure  5  illustrates  a  dissociative  attachment  process 
accompanied  with  autodetachment  or  autoionization,  also  called 
electron  detachment.  The  0a~  state,  which  is  formed  by  electron 
impact  of  energy  E,  autoionizes  into  an  0a  state,  when  W-<R>  > 
W<R>  or  Rw  <  R  <  R«.  Here,  W-<R>  and  WCR)  are  the  potential 
energy  curves  of  the  0*-  and  0a  states,  R«  is  the  turning  point 
of  the  W-<R>  at  the  energy  E,  and  R«  is  the  crossing  point  of  the 
two  potential  curves  (see  Fig.  3).  In  order  to  dissociate  into 
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an  0+0"  limit,  the  Oa-  stats  must  survlvs  against  the  above- 
aentivn.d  autoionization.  According  to  Bardsley  jt  «1 .  ,»»  tha 
dissociativa  attachmant  cross  saction  Poa(E)  for  tha  above 
procass  is  givan  approx  1 natal y  by 


Oda(E)  ■  Oat  (E) 


•XP 


dR  f(R)/ftv(R>> 


(IB) 


whara  Oat<E)  Is  tha  cross  saction  for  formation  of  tha  0a-  otatat 
f(R>  is  tha  width  of  tha  0a“  stats  with  raspact  to  tha 
autoionizatloni  and  v(R>  is  tha  ralativa  valocity  of  tha  nuclai. 
Tha  exponential  factor  in  Eq.  <i8)  raprasants  tha  probability 
that  tha  0a~  stats  survivas  against  the  autoionization. 


r<R>  for  one-alactron  procassas,  such  as 


-a  0a  <  !«„-*  1*,)  ♦  e“  ,  (19) 


is  govarned  by  tha  kinetic  energy  of  the  outgoing  electron 
<AU<R>«U-(R>-W<R) >  and  tha  asymptotic  angular  momentum  i  of  the 
outgoing  electron  through  the  centrifugal  barrier.  For  small  AW, 
r  is  proportional  to 


r,'  oC  AW 


#+ 1/2 


(20) 


for  a  one-electron  process,  and,  in  general ,  r  increases 
monotonicly  with  AW.**  For  two-electron  processes,  on  the  other 
hand,  F  is  a  slowly  varying  function  of  AW  and  is  orders  of 
magnitude  smaller  than  that  for  one-electron  processes,  except 
for  the  AW  <<  1  case.  Since  tha  survival  factor  depends 
exponentially  on  T  CEq.  <18)1,  tha  survival  factor  for  one- 
electron  processes  is  several  orders  of  magnitude  smaller  than 
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that  for  two-electron  processes  except  again  for  the  AM  <<  1 

case. 

Tha  magnitude  for -autoionization  via  ona-alactron  procaasaa 
can  ba  characterized  by  a  pair  of  parameters,  AU(R.)  and  AR»* 
(»R.-R„) ,  where  R«  is  tha  equilibrium  intarnuclaar  distance  for 
the  0*  ground  state.  Both  parameters  are  referred  to  R.  because 
the  initial  0*"  state  is  formed  with  the  highest  probability  at 
R«R_  according  to  the  Fr anck-Condon  principle.  The  larger  the 
AU(R.)  and  AR_« ,  the  smaller  the  arSA  (or  0-  yield).  These  AU(R_> 
and  AR_.  parameters  are  listed  in  Table  VII. 

There  are  two  types  of  states  in  Table  VIIi  those  which 
autoionize  by  detaching  the  1**  electron  and  those  by  detaching 
the  3<7u  electron.  The  states  in  the  former  group  have  much 
smaller  AU(R_)  and  AR„«  than  those  in  the  latter  group.  The  0a” 
<3P„)*E»,_  state,  one  of  the  latter  group,  dominates  the 
vibrational  excitation  spectra.**  This  state,  however,  does  not 
appear  in  the  0“  yield  curve,*  indicating  that  the  survival  rate 
of  this  state  is  negligibly  small.  Other  states  in  the  latter 
group  also  should  have  negligible  survival  rates,  since  they  have 
larger  AU(r.)  and  AR.„  than  the  03" <3o„) *Eu-  state.  In  short, 
all  states  which  autoionize  by  detaching  the  3c.,  electron  cannot 
appear  in  the  0“  yield  curve.  On  the  other  hand,  the  03~<l»„- 
state,  one  of  the  former  group,  has  been  observed  in 
the  0~  yield  curve,*  indicating  that  the  survival  rate  of  this 
state  is  substantial.  Since  other  states  in  the  former  group 
have  smaller  AU(R_)  and  AR..  than  this  state,  they  should  have 
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even  larger  survival  rates.  In  other  words,  all  states  which 
autolonize  by  detaching  the  lsa  electron,  except  for  the  0a~ 
<l«a)*ru  state,  can  produce  0“  ions  if  they  are  formed.  The  0a~ 
«l»a)»na  state  cannot  produce  0“  ions,  because  its  vertical 
energy  <0.21  eV)  is  much  lower  than  the  lowest  0+0”  dissociation 
limit  <3.65  EV).  In  conclusion,  the  survival  rate  analyses 
indicate  that  only  three  0a”  states,  ■n„<l*u“ll*a*> ,  *Ea~<3aa“ 
»l*a*>,  and  *£„•*< 2o„-‘ l*a*) ,  can  produce  ample  0~  ions. 

Figure  A  schematically  shows  (7b«,(£>,  e«*r<E>,  and  SF(E) 
(survival  factor)  as  a  function  of  the  incident  electron  energy 
E.  e*T<E>  has  a  peak  at  E«W-<ft«>  because  of  the  Franck-Condon 
principle.  SF(E)  is  unity  below  E«W~<R«),  since  T=-0  in  this 
region,  and  decreases  monotonicly  with  increasing  E,  since  the 
integrand  of  the  survival  factor  is  always  positive  and  the  lower 
integration  limit  <R»)  decreases  with  increasing  E  Csee  Eq. 

<18)1.  Since  aD»  <E>  <E>  SF  (E  >  ,  the  peal:  position  of  Od.(E) 

should  be  shifted  to  lower  energy  relative  to  that  of  <t«,t(E>. 

This  means  that  a  peak  position  observed  in  the  0"  yield  (a  <xd*> 
peak)  should  be  lower  than  the  corresponding  vertical  energy  ( 
the  o.t  peak).  Indeed,  the  0~  yield  peak  observed  at  6.7  eV, 
which  is  due  to  the  Da" ( 1 *„~‘l*am) anu  resonance,  is  lower  than 
the  vertical  energy  7.8  eV  by  1.1  eV.aa  For  the  0a~<3aa“ 
*lxaa)aEa'*  and  Qa”  lEc,,-*  l*aa>  resonances,  we  expect  smaller 

shifts  (  <  0.3  eV)  than  for  the  0a“ ( ls„-* l*aa) anu  resonance, 
because  the  former  two  states  have  smaller  Akl(R.)  and  ARae 
parameters  than  the  latter  state. 
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3.  Franck-Condon  widths 

The  width  of  th#  repulsive  0*“  compound  stats  is 
predominantly  govsrnsd* by  th*  Franck-Condon  overlap  Integral 
between  the  v“0  vibrational  wavefunction  of  the  Qe  ground  state, 
to <R) ,  and  the  vibrational  wavefunction  of  th*  repulsive  Ox- 
compound  state.  In  th*  reflection  approximation,*®**®  the 
repulsive  wavefunction  can  be  replaced  by  a  £  function  which 
differs  from  zero  only  at  the  classical  turning  point.  The 
results  obtained  with  this  replacement,  deviate  only  slightly 
from  those  obtained  with  accurate  wavef unctions. *°  With  this 
approximation,  the  Franck-Condon  width  (KCU)  of  th*  repulsive  0*~ 
compound  states  can  be  given, 

FCW  ■  dR(v=0>xldW-(R)/dRI„_..,,  (21) 

where  PR(v=0)  is  the  FWHM  of  fo(R>=»  because  W~(F.)  of  a  repulsive 
state  is  nearly  linear  over  the  Franck-Condon  region. 

The  FCWs  in  Table  VII  are  estimated  from  theoretical 
calculations  in  the  literature,  except  for  the  FCW  of  the 
an„(l*u-‘l*x*)  state.  The  FCW  of  this  state  is  calculated  from 
the  experimental  slope  determined  by  O'Malley.*’  The  slopes 
(i.e.  ,  dW-(R)/dR  at  R=R„)  for  the  *n*(l*x>,  *E„"(Co„>,  and  =*E„- 
(3o„>  states  are  calculated  from  th*  MCSCF  results’®  by  quadratic 
curve  fittings.  The  data  in  parentheses  are  estimated  by 
assuming  empirical  relations  such  as 

Slope (3a*”* 1*«*)  -  Slope(l*u-* I*,’) 

»  Slope!"#*-*!*,)  -  SI  ope (!»„-* 1**>  .  (22) 
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The  error  ranges  for  the  FCWe  <2.4  and  2.2  eV)  of  the  "E^'iSo*- 
and  *£u'M2e,.“*lt«*>  atataa  nay  ba  around  t0.4  aV. 

There  ara  two  axparlaanta  which  reflect  tha  FCUls.  First, 
tha  vibrational  axcitatlon  cross  sactlon  for  v»l-4  show  a  single 
peak  with  FWHM  of  5.0  eV,  which  has  baan  attributed  to  tha  0a~ 
<3o„)*Eu"  resonance.**  Tha  FWHM  <5.0  eV)  of  the  vibrational 
cross  section  should  ba  larger  than  that  <4.3  eV>  of  tha  electron 
attachment,  supporting  our  estimate  of  4.3  eV.  Second,  the  0~ 
yield  dua  to  the  0*“< is,.-1 1»«*> *n„  resonance  has  a  FWHM  of  2.0 
eV.*  The  difference  between  the  FWHM  <2.0  eV)  of  the  0~  yield 
and  the  FCW  <3.0  eV>  of  this  compound  state  is  caused  by  a 
sizable  autodetachment  rate  (see  Fig.  6>.*s  Since  autodetachment 
from  the  0a~  <3e«-*  1*«*1  *£**  and  0a~  <2cr..-*  l*«a>  *E„"*’  compound 
states  should  be  much  smaller  than  that  from  the  0a”<l*v“ 

state,  the  FWHMs  of  these  two  compound  states  in  the  Q~ 
yield  curve  should  be  close  to  their  FCWs. 

4.  Dissociation  limit 

,The  dissociation  limits  of  the  lower-lying  0»~  valence 
states  can  be  determined  by  the  non-crossing  rule.  The  molecular 
states  resulting  from  the  two  lowest  dissociation  limits  of  0*0”, 
known  from  Wi gner-Wi tmer  rules,31  are  listed  in  Table  VIII. 
According  to  the  non-crossing  rule,  these  molecular  states  must 
be  connected  to  the  0a_  valence  states  with  the  same  symmetry 
without  crossing  each  other.  This  Implies,  for  example,  that  the 
lowest  *EU*  valence  state  must  be  connected  to  the  lowest  limit 
and  the  second  lowest  *EU*  valence  state  to  the  second  lowest 
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limit.  Another  example,  both  the  lowest  two  *n,  valence  states  . 
must  be  connected  to  the  lowest  limit  and  the  lowest  **„  valence 
state  to  the  second  lowest  limit.  Dissociation  limits  determined 
as  above  are  listed  in  Table  VII,  where  "l"  and  “2"  denote  the 
lowest  and  the  second  lowest  dissociation  limits  respecti vely. 

Figure  7  shows  schematically  the  potential  curves  tor  some 
of  the  0a~  valence  states.  These  curves  are  drawn  based  on  the 
data  in  Table  VII  (such  as  the  vertical  energy,  FCW,  and 
dissociation  limit)  and  two  theoretical  calculations, which 
were  carried  out  only  for  large  internuclear  distances  (R  >  1.6 
A).  The  apparent  avoided  curve  crossing  between  the  two 
Curves  is  predicted  by  both  calculations.  This  curve  crossing 
Suggests  that  the  *£*■*■<  I)  state  formed  at  the  Franck-Condon 
region  may  end  up  with  the  second  lowest  0*0~  limit. 

IV.  IDENTIFICATION  OF  THE  Oa-  CONFOUND  STATES 

Comparing  Tables  I  and  VII,  we  identify  the  7-,  0.3,  and  13- 
•V  Qa-  compound  states  to  arise  from  the  *r\. <  1»„_*  1***>  , 

(3o*“‘  ,  and  SCU* <2cM-1  !***>  states,  respectively. 

Almost  every  aspect  (vertical  energy,  electron  attachment 
probability  in  the  gas  phase,  survival  rate  against 
autodetachment,  Franck-Condon  broadening,  and  dissociation  limit) 
supports  and  confirms  these  identifications.  Noreover,  we  can 
exclude  alternative  identifications:  We  can  exclude  the  0a~ 
(l*a)an.  state,  because  its  vertical  energy  is  much  lower  than 
the  lowest  0*0~  limit.  The  0«_  states  arising  from  the  3o„,  1*„- 
*l*a3cr„,  and  3ea-*  configurations  have  survival  rates  which 
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ar*  too  small  to  yield  Q-  ion*  and  FCUs  which  ar*  too  larga  For 
th*  observed  line  Midtha.  Furtharmora,  atatas  From  tha  last  two 
ECa  hava  vertical  energies  which  ar*  too  high  to  ba  any  oF  th* 
three  Feature*.  Hence,  we  conclude  that  the  8.5-  and  13-eV 
Feature*  ar*  due  to  th*  0»"  (3oa-*  !*«*)  ■E**'  and  0a_<2p„-*  !*«*)  *&,* 
compound  atata*.  Thia  idantiFication  implies  that  the  abaance  oF 
these  Features  in  tha  gas  phase  is  due  to  th*  o~  selection  rule. 

V.  PREVIOUS  INTERPRETATIONS 

The  8.S-  aid  13-eV  Features  have  been  interpreted 
previously.  Xiang  and  Lichtman,*  who  reported  the  □-  yield  curve 
From  0a/U  (Fig.  1),  attributed  th#  13  *V  peak  to  the  0a~(l*„* 
M*a*>”n0  state,  or  th*  "7-*V"  state,  which  was  regarded  as 
shifted  because  oF  a  substrate  effect.  They  overlooked  a  weak 
B.3-eV  Feature  in  their  spectrum.  Sanche  and  co-workers,3-*  who 
reported  the  three  0“  yield  curves  from  Da/Pt  (Fig.  1)  and  the 
0 H--C*H,»/aa/Pt  spectrum  in  Fig.  2,  assigned  the  Oa*("u.- 
*l»a*)*Ea-  state  (that  is,  the  ”S.5-eV"  state)  to  the  13-eV 
feature.  Further,  the  absence  of  the  13-eV  feature  in  the  gas- 
phase  spectrum  was  attributed  to  the  angular  dependence  rule 
given  by  Dunn,**  rather  than  to  th*  o~  selection  rule.*  Mark  et, 
aj.. ,*  who  reported  th*  0a-0“  and  0a”  yields  from  (03)„  clusters 
(Fig.  2),  attributed  both  the  7-eV  and  8.3-eV  Features  to  the  0a- 
( l»u-* 1*,*) ’nu  state.  Our  analyses  in  this  work  do  not  support 
any  of  the  above  interpretations. 
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TABLE  I.  Summary  of  experimental  findings  on  the  7-,  8.5-«  and  • 
13-eV  0a~  compound  states. 


Name 

Vertical 
energy 
<eV)  “ 

0_  yield 
from 

Oa  gas 

Survi val 

rate“ 

FWHM 

<eV>- 

Dissociation 

limit 

"7-eV" 

6.7 

large 

large 

2.0±0. 1 

“l-- 

"8.3-eV" 

S  -  9 

negligible 

large 

2. 7+0. 3 

“1” 

"13-eV" 

13 

negligible 

1  arge 

2. 4+0. 3 

*2" 

“From  the  Oa  ground  state  to  peak  positions  in  the  0~  yield 
curves. 


“Survival  rate  against  autodetachment . 

“Widths  observed  in  the  ion  yield  curves. 

“"1“  and  "2"  denote  the  lowest  and  the  second  lowest  0+0 
dissociation  limits. 


TABLE  11.  Observed  and  estimated  vertical  energies  <eV>  of  the 
lower-lying  0B  states.  Estimated  energies  are  enclosed  in 
parentheses. 


Electronic 
conf  i gur  a t i on 

Configuration 
center  <eV> 

State  Vertical 

symmetry  energy  (eV) 

Reference 

Sround  state 

0.60 

“E.- 

0.00 

10 

*A. 

0.98 

10 

‘E.- 

1.63 

10 

l*u“* is. 

7.3 

*E„- 

S.8 

10, 

11 

“iL. 

6.0 

10, 

11 

“Eo- 

6. 1 

10, 

11 

■E„- 

8.5 

11 

»6„ 

<10.8) 

12 

*n„- 

<12. 6> 

12 

3a.- ‘ l*. 

8.1 

“n. 

7.7 

13 

*n„ 

<9.  2) 

12 

l*0-»3a„ 

10.6 

*a. 

10.2 

14 

*n„ 

<11. 9> 

12 

14.3 

*nM 

14.2 

15 

*n„ 

<14. 6) 

12 

2a„-» 1*. 

28.9  £  1.0 

*n„ 

28.3  £  1.0 

16 

*n. 

<30. 0) “ 

— 

TABLE  111.  Observed  end  estimated  vertical  energies  (eV)  of 
the  lowei — lying  Oa*  states*  Estimated  energies  are  enclosed  in 
parentheses. 


Electronic 
conf i gurati on 

Conf iguration 
center  (eV> 

State 

symmetry 

Vertical 
energy  (eV) 

Reference 

!»«-» 

12.31 

•n. 

12.31 

17 

1*--* 

19.2 

-n„ 

16.70 

17 

*nudi 

17.73 

17 

19. 1 

18 

«nu(Ui 

(20.8) 

19 

*r\.  a  r  i  > 

24.0 

17 

3d.-* 

19.6 

•c.- 

18. 17 

17 

*A. 

19.90 

18 

*s.- 

20.43 

17 

(20.8) 

18 

2o„~ 1 

25.9 

•*c„- 

24.58 

17 

(26.0) 

18 

(26.8) 

18 

27.3 

20 

2o.-‘ 

40.0 

38.8 

21- 

*A. 

(40. 3) “ 

— 

*E.- 

40.8 

21- 

(41.  1)- 

— 

•The  energy  scale  is  shifted  by  0.8  eV  to  make  the  first-peak 
energy  position  agree  with  the  accurate  energy  12.3  eV. 

•Estimated  from  the  splitting  energies  of  the  3a.~*  states. 


TABLE  IV.  Dbwrvtd  and  estimated  varttcal  anargiaa  (eV)  of  the  ' 
lower-lying  0*"  atataa.  Estimated  anargiaa  ara  ancloaad  In 


parentheses. 

Electronic 

Configuration 

State 

Vertical 

Reference 

configuration 

center  <eVl 

Symmetry 

energy  <eVl 

0.21 

•ru 

0.21 

22 

7.8  ±  0.2 

■nu 

7.8  t  0.2 

23“ 

3ou 

10. A  £  0.3 

9.3  ♦  0.3 

29 

<10.71“ 

— 

=*E^- 

<11.31“ 

— 

<11.91 

25- 

'•The  uncertainty  indicates  tha  sensitivity  of  the  fitting  and 
thus  does  not  reflect  absolute  errors. 

“Estimated  from  the  splitting  energies  of  the  2ou~*  states. 

“Estimated  using  the  energy  difference  calculated  by 

MCSCF  Mi th  AS  conf igurations. 


2c«  — »  1*« 


13.6 

(2«r„-»-l*,-»> 


13.? 

<2tr„-,l*.-GSC) 


2 am  —  lxm  27.7  28. 

<2o«.-‘-l*„-*>  <2o.-‘l*.-BSC> 


TABLE  VII.  Pr opart la*  of  tha  lowar-lying  0*-  valence  mtatea. 


Elactronic 
conf igura- 
tion 

Symmetry 

Vertical 

anargy 

<eV) 

Elactron 

attach¬ 

ment 

AW(R.) 

(OV) 

AR.« 

(ft) 

Width 

(aV) 

Dissoci 
at  ion 
limit 

1*. 

•n. 

0.21 

A<1) 

0.31 

0.04 

1.2 

1 

7.8  ± 

0.2 

A<2> 

1.8 

0.  18 

3.0 

1 

■E«- 

B.l  t 

0.9 

F 

(0.4) 

(0.04) 

(2.4) 

1 

*e„- 

14.3  ± 

0.9 

F 

(0.1) 

(0.01) 

(2.2) 

2 

3au 

*e„- 

9.3  ± 

0.3 

A  ( 1 ) 

9.6 

0.39 

4.3 

1 

*A„ 

10.7  t 

0.3 

A<2> 

9.B 

0.39 

(4.4) 

1 

*E0- 

11.3  i 

0.3 

F 

10.0 

0.40 

(4.4) 

1 

*IL- 

11.9  ♦ 

0.4 

A  ( 1 ) 

12.0 

0.39 

4.3 

1 

l»o“*  l*«3er„ 

F 

1 

-E,~ 

A  <2) 

1 

*A- 

'  17.3  * 

1.0 

A<2) 

(10.0) 

(0.4) 

(6.3) 

1 

*E„*<2> 

F 

2 

*E«-<2) 

A<2) 

1 

*A.<2> 

A  (2) 

1  *<  2 

3o.-» 1 

*n„ 

18.1  * 

1.0 

A  (2) 

(10.0) 

(0.4) 

(5.7) 

1 

an„<2>  _ 

A<2> 

1  2 

Figure  caption* 


FIG.  1.  Pravioualy  reported  electron  stimulated  0~ 
desorption  yields  from  0»/W  (Ref.  4),  0*/Pt  (Refs.  S  and  6)  ,  and 
0*  gas  <R a#.  3)  are  plotted  as  a  function  of  tha  incident 
electron  energy.  V*  denotes  the  retarding  potential  applied  to 
the  outgoing  0“  ions.  The  shaded  area  shows  our  estimated 
contribution  due  to  the  direct  process.  The  vertical  dot-dash 
lines  indicate  the  probable  peak  positions  of  the  Involved  De¬ 
compound  states. 

FIG.  2.  Previously  reported  electron  stimulated  negative 
ion  (Q-,  0a-0-,  0*_,  or  0H“)  desorption  yields  from  0a  gas  (Ref. 
3),  (OaU  clusters  (Ref.  7),  or  C.H,»/0a/Pt  (Ref.  6).  The 
negative  ion  yields  are  plotted  as  a  function  of  the  incident 
electron  energy.  The  vertical  dot-dash  lines  indicate  the 
probable  peak  positions  of  the  involved  03-  compound  states. 

FIS.  3.  Kinetic  energy  distributions  of  the  0~  ions  from 
0a(3ML)/Pt  (Ref.  5),  which  are  measured  at  various  incident 
electron  energies,  E,=3.7,  7.7,  12,  and  13  eV.  The  ion  energy  is 
referred  to  the  maximum  in  the  distribution  with  E,=3.7  eV. 
Symbols' (closed  and  open  circles  and  open  triangles)  indicate 
three  different  contributions.  The  horizontal  bar  indicates  the 
possible  range  of  peak  position  for  each  contribution. 

FIG.  4.  The  peak  positions  of  the  three  contributions  shown 
in  Fig.  3  are  plotted  as  a  function  of  the  incident  electron 


energy,  E»  .  The  broken  straight  lines  indicate  E^_1  given  by  Eq. 
<4) .  The  Ea  values  denote  the  possible  O-i-O-  dissociation  lieits. 

PIS.  5.  Schematic  potential -energy  curves  illustrating  a 
dissociative  attachment  process  accompanied  with  autodetachment. 

E  is  the  energy  of  the  incident  electron.  Ra  is  the  turning 
point  of  potential  curve  W-<R)  at  the  energy  E,  and  R.  is  the 
crossing  point  of  the  two  potential  curves,  W~(R>  and  U(R). 

FIG.  6.  Schematic  diagram  illustrating  the  two  effects! 
the  shift  of  the  oDa<E)  peak  position  relative  to  tha  peak 

and  the  smaller  tr0«<E)  width  in  comparison  with  the  am-r(B)  width. 

FIG.  7.  Semi -quantitative  potential  energy  curves,  which 
are  based  on  the  data  in  Table  VII  and  the  theoretical 
calculations  of  Refs.  32  and  33. 


E;-7.7tV 
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